-Introduction

Many unanswered questions remain about how mechanical a l l o y i n g (MA) occurs and p a r t i c u l a r l y about t h e t r a n s i t i o n from t h e comminution o f t h e o r i g i n a l p a r t i c l e s t o i n t e r a t o m i c i n t e r m i x i n g . l4ossbauer spectroscopy i s a technique which i s p a r t i c u l a r l y s u i t e d f o r t h a t purpose as i t i s s e n s i t i v e t o phenomena o c c u r i n g a t t h e nanometer scale.
T h i s technique has a l r e a d y been used i n mechanochemistry by L e f e l s h t e l e t a l . /l/ t o c h a r a c t e r i z e t h e f o r m a t i o n o f z i n c f e r r i t e by prolonged d r y g r i n d i n g o f s t o i c h i o m e t r i c powder m i x t u r e s o f z i n c oxyde and hematite. Mossbauer spectroscopy was a l s o used t o e x p l o r e t h e composition range o f amorphous phase f o r m a t i o n o f Fe-Zr a l l o y s /2/. I n t h e p r e s e n t study, we f o l l o w t h e e v o l u t i o n o f t h e l o c a l compositions d u r i n g t h e mechanical a l l o y i n g o f Fe and V powders on t h e one hand and o f Fe and C powders on t h e o t h e r hand t h a t i s f o r s u b s t i t i o n n a l and i n t e r s t i t i a l elements r e s p e c t i v e l y . More d e t a i l e d r e s u l t s /3/ and synthesis o f almost a l l c a r b i d e s by mechanical a l l o y i n g a r e described elsewhere /4/.
-Ex~erimental Methods
Elemental powders o f Fe having a p u r i t y o f 99.0 % and a p a r t i c u l e s i z e o f 60 pm, o f V having a p u r i t y o f 99.7 % and a p a r t i c u l e s i z e o f 44 pm and o f g r a p h i t e (45 pm) f r o m Strem Chemicals I n c . (USA) have been mixed i n t h e r e q u i r e d p r o p o r t i o n s , t h a t i s Feso V50, FegO C20, Fe75 C25, Fe50 C50. The powders were sealed i n tungsten c a r b i d e v i a l s w i t h tungsten c a r b i d e b a l l s i n a glove box having a pure n i t r o g e n o r argon atmosphere w i t h oxygen and water c o n c e n t r a t i o n s i n t h e ppm range. Dry m i l l i n g has been c a r r i e d o u t i n a Spex 8000 v i b r a t o r y m i l l w i t h a b a l l t o powder weight r a t i o o f about 10:l t o 5 : l . For t h e Fe-C system, some experiments have been performed w i t h a F r i t s c h P u l v e r i s e t t e 7 p l a n e t a r y m i l l w i t h a b a l l t o powder weight r a t i o o f about 4 0 : l . Mossbauer s p e c t r a were recorded i n t r a n s m i s s i o n geometry a t 77 K and 290 K and analyzed w i t h a method which e x t r a c t s an h y p e r f i n e f i e l d d i s t r i b u t i o n (HFD) P(H) from an experimental spectrum /5/. MA samples have a l l been c h a r a c t e r i z e d by X-ray d i f f r a c t i o n e i t h e r w i t h CoKa o r w i t h C r Ka r a d i a t i o n .
-Results
3
.1 -Fe-V system : Fes0 V50 F o r m i l l i n g times l e s s o r equal t o 3 h, o n l y broadening o f some l i n e s o f t h e X-ray d i f f r a c t i o n p a t t e r n s was observed. A f t e r 6 h of m i l l i n g , t h e i n t e r p l a n a r y spacings o f Fe and V came c l o s e r t o g e t h e r . The (110) peaks from Fe and V merged i n t o a s i n g l e broad peak a f t e r 12 h o f m i l l i n g time. A f t e r 24 h o f m i l l i n g , a broad, gradual peak was observed. and 3 h, the 57Fe Mossbauer spectra a t room temperature were i d e n t i c a l t o spectra from pure Fe. A s i g n i f i c a n t change was observed a f t e r 6 h o f m i l l i n g time ( f i g u r e 1 ) w i t h t h e appearance o f a non-magnetic environment. The non-magnetic subspectrum s t e a d i l y increased and was t h e o n l y observed c o n t r i b u t i o n a f t e r 48 h o f m i l l i n g . The l a t t e r spectrum corresponds t o an amorphous phase 1 ) a sharp peak a t H = 330 kG c h a r a c t e r i s t i c o f pure a-Fe a t room temperature w i t h i n any case l e s s than 1 % V. The i n t e n s i t y o f t h i s peak decreases w i t h t i m e b u t i t s p o s i t i o n does n o t change.
2) a broad d i s t r i b u t i o n (from -50 kG t o -300 kG)
c h a r a c t e r i s t i c o f Fe-V a l l o y s w i t h a p p r e c i a b l e v concentrations b u t l e s s than about 60 a t % a t which t h e Curie temperature i s below room tempe--8 0 + 8 0 4 0 0 r a t u r e .
VELOCITY H MF
3 ) a sharp non-magnetic peak (centered here a t 20 kG) which may be due t o Fe-V a l l o y s w i t h a Figure 1 : koom teaperature ~o s s b a u e r V content greater"than about 60 % o r (and) amorspectra from powders as a function phous Fe-V a l l o y s w i t h n e a r l y equiatomic compoo f b a l l m i l l i n g time and corresponding sitions '6/. hFD.
The f r a c t i o n a l amounts o f these t h r e e componen-cs as a f u n c t i o n o f m i l l i n g time i s shown i n f i g u r e 2. Transmission e l e c t r o n microscopy o f t h e powder m i l l e d f o r 48 h has shown t h e presence o f amorphous and n a n o c r y s t a l l i n e regions o f about 3 nm f o r samples ground i n a mortar ad t r a n s f e r r e d t o a holey carbon g r i d /3/. On t h e contrary, powders embedded i n epoxy and microtomed o n l y showed n a n o c r y s t a l l i n e m a t e r i a l . The amorphous phase i s t h e r e f o r e r a t h e r unstable against transformation t o n a n o c r y s t a l l i n e m a t e r i a l .
-Fe-C system
For FegO CZ0 o r FeT5 CZ5 a l l o y s , t h e 5 7~e Mossbauer spectra were i d e n t i c a l t o spectra from Both Mossbauer spectra d i f f e r from t h e spectrum o f Fe7C3 ( f i g u r e 4c) synthetized a t 1200'C and 80 kbars /10/ which i s expected t o be e s s e n t i a l l y f r e e o f defects. AS Fe3C, Fe7 C3 i s formed with a much f a s t e r k i n e t i c s ( -1 h 30) w i t h t h e p l a n e t a r y m i l l than w i t h t h e v i b r a t o r y m i l l but a t l e a s t a p a r t o f t h e one order o f magnitude d i f f e r e n c e i s r e l a t e d t o t h e change o f t h e b a l l t o powder weight r a t i o .
mm/s w i t h r e s p e c t t o a-Fe a t room temperature i n p e r f e c t agreement w i t h t h e l i t t e r a y u r e values. Moreover, t h e X-ray d i f f r a c t i o n p a t t e r n s /4/ a r e composed o f broad peaks c h a r a c t e r i s t i c o f Fe3C. As proved by b o t h methods, an hexagonal c a r b i d e o f t h e d i s o r d e r e d E -L ' 3 t y p e /7/ has a l s o been formed. It g i v e s r i s e t o a broad h y p e r f i n e f i e l d component whose o u t e r p a r t i s c l e a r l y seen i n f i g u r e 3 and c e n t e r e d on 270 + 4 kG which i s a l s o independent o f t h e g r i n d i n g time. The c a r b u r i z a t i o n o f i r o n was complered i n about 18 h. Once c e m e n t i t e was formed, f u r t h e r g r i n d i n g produced a broadening o f t h e X-ray d i f f r a c t i o n peaks and o f t h e Mossbauer peaks ( f i g u r e 3d,e). Both r e s u l t s prove t h a t a h i g h d e n s i t y o f d e f e c t s e x i s t i n cementite. F o r t = 24 h, a c h a r a c t e r i s t i c dimension o f about 8 nm has been o b t a i n e d f r o m t h e w i d t h s o f X-ray d i f f r a c t i o n l i n e s . T h i s dimension i s l i k e l y r e l a t e d t o a c o r r e l a t i o n l e n g t h i n t h e s t a c k i n g o f t h e t r i a n g u l a r p r i s m a t i c sheets which a r e t h e b u i l d i n g elements o f c e m e n t i t e /7/. Cementite o b t a i n e d a f t e r 24 h m i l l i n g has been heated a t a r a t e o f 0.05 K/s up t o 750 K and cooled a t t h e same r a t e i n vacuum o r i n an hydrogenated n i t r o g e n atmosphere ( f i g u r e 3 f ) . The w i d t h s o f b o t h X-ray and Mossbauer l i n e s s t r o n g l y decrease and t h e hexagonal c a r b i d e i s no l o n g e r d e t e c t e d ( f i g u r e 3 f , HFD). Cementite and hexagonal c a r b i d e s a r e a l s o formed w i t h t h e p l a n e t a r y m i l l , b u t a t a f a s t e r r a t e , t h a t i s i n about seven hours, w i t h a l a r g e r b a l l t o powder weight r a t i o ( s e c t i o n 2 ) . F i g u r e 4a shows t h e
-Discussion
A continuous enrichment o f V w i t h Fe and o f Fe w i t h V i s n o t c o n s i s t e n t w i t h t h e r e s u l t s o f
Mossbauer spectroscopy. For instance t h e HFD o f m a t e r i a l m i l l e d f o r 6 h shows t h a t about 50 % o f the i r o n atoms are s t i l l i n e s s e n t i a l l y pure Fe. As no d i s t i n c t X-ray d i f f r a c t i o n can be associated w i t h regions o f pure Fe, we suggest t h a t these composition inhomogeneities are o f t h e order of 10 nm o r l e s s i n size. Q u a l i t a t i v e l y s i m i l a r r e s u l t s have been obtained r e c e n t l y by de Araujo Pontes e t a l . ( t o be published) i n the study o f mechanical a1 loying o f Fe,--, Si5-, and Fe33 Si67 powder mixtures which form cubic FeSi and
cubic Febi , a and B -FeSi2 c r y s t a l I i n e compounds r e s p e c t i v e l y . Using o p t i c a l microscopy -t h e l a t t e r authors observe t h e c l a s s i c a l s t r u c t u r e r e s p e c t i v e l y w i t h composite p a r t i c l e s c o n s i s t i n g o f paral l e l lamellae I l l / during t h e f i r s t m i l l i n g stage w h i l e Mossbauer spectroscopy shows e s s e n t i a l l y pure i r o n . I n a l a t t e r stage, p a r t i c l e s which look homogeneous are observed w h i l e they are inhomogeneous a t an atomic scale. For Feso V50, a s i m u l a t i o n o f t h e h y p e r f i n e f i e l d d i s t r i b u t i o n has a l s o proved t h a t o n l y a broad composition d i s t r i b u t i o n w i t h Fe-rich and V-rich peaks i s consistent w i t h experiment /3/.
As the main peak o f t h e HFD i n the case o f Fe-C a l l o y s i s t h e one c h a r a c t e r i s t i c o f cementite, one can exclude a broad compositjon d i s t r i b u t i o n although such carbides b u i l t from t r i a n g u l a r p r i s m a t i c sheets may e x i s t from Fe3C t o Fe2C, as observed i n t h e c r y s t a l l i z a t i o n products o f amorphous Fe-C a l l o y s / l 3/. I r o n carbides w i t h carbon atoms i n octahedral s i t e s also e x i s t between Fe6C and Fe2C /12/. ,Such carbides are responsible f o r t h e r e f o r e reasonable t o assume t h a t t h e close-packed, hexagonal ( o r s l i g h t l y d i s t o r t e d ) carbides p l a y a r o l e s i m i l a r t o t h e heterogeneous s o l i d s o l u t i o n i n t h e Fe-V case. W e f i n a l l y emphasize t h a t almost a l l carbides may be synthetized by b a l l m i l l i n g mixtures o f elemental powders and g r a p h i t e (/14/, f~g u r e 5 ) .
-Conclusion
I n s p i t e o f t h e i r differences, Fe-V and Fe-C have some s i m i l a r i t i e s i n t h e i r behaviour during mechanical a1 l o y i n g :
1 -The powders do not chemically mix during an i n i t i a l p e r i o d o f some hours and an almost pure Fe component i s observed n o t o n l y during t h a t stage b u t a l s o i n l a t e r stages. The decrease o f t h a t component i s s i m i l a r i n both cases ( f i g u r e 2 ) .
-There e x i s t chemical inhomogeneities w i t h a broad composition d i s t r i b u t i o n which p e r s i s t during the synthesis.
This i s a l s o observed f o r Fe-Si a1 l o y s (de Araujo Pontes e t al., t o be published). Carbides and s i l i c i d e s may be s y n t h e t i sed a t room temperature by grind1 ng t h e elemental powders.
